Background: Correct specification of cell lineages and establishing angiogenic privilege within the developing cornea are essential for normal vision but the mechanisms controlling these processes are poorly understood. Results: We show that the homeodomain transcription factor PItX2 is expressed in mesenchymal cells of the developing and mature cornea and use a temporal gene knockout approach to demonstrate that PITX2 is required for corneal morphogenesis and the specification of cell fates within the surface ectoderm and mesenchymal primordia. PITX2 is also required to establish angiogenic privilege in the developing cornea. Further, the expression of Dkk2 and suppression of canonical Wnt signaling activity levels are key mechanisms by which PITX2 specifies ocular surface ectoderm as cornea. In contrast, specifying the underlying mesenchyme to corneal fates and establishing angiogenic privilege in the cornea are less sensitive to DKK2 activity. Finally, the cellular expression patterns of FOXC2, PITX1, and BARX2 in Pitx2 and Dkk2 mutants suggest that these transcription factors may be involved in specifying cell fate and establishing angiogenic privilege within the corneal mesenchyme. However, they are unlikely to play a role in specifying cell fate within the corneal ectoderm. Conclusions: Together, these data provide important insights into the mechanisms regulating cornea development. Developmental Dynamics 00:000-000,
Introduction
The cornea provides important properties that are required for normal visual acuity, including transparency, refraction, and protection of inner components of the eye from external environmental factors. The mature cornea consists of three cellular layers, a 6-7-cell-thick corneal epithelium that comprises the outer surface, a monolayer endothelium that forms the inner surface, and a stroma layer that lies between the epithelium and the endothelium and consists of a highly ordered lamellar arrangement of keratocytes and specialized collagen bundles (Chow and Lang, 2001; Cvekl and Tamm, 2004) . The corneal epithelium arises from surface ectoderm during development, where as the endothelium and stroma are formed from mesenchyme that, depending upon the species, largely or totally derives from neural crest (Gage et al., 2005; Le Douarin, 1980; Le Lievre and Le Douarin, 1975) . Understanding how intrinsic and extrinsic factors mesh to control cell fate decisions and gene expression in each cellular layer during development is likely to enhance the development of new and improved strategies for treating corneal diseases.
Normal vision also requires the complete absence of blood and lymphatic vessels from the cornea, a property referred to as angiogenic privilege. Loss of angiogenic privilege as a consequence of developmental abnormalities or postnatal insult results in corneal neovascularization, a sight threatening condition. Therefore, a detailed understanding of how angiogenic privilege is initially established during development and subsequently preserved in the mature cornea is important for expanding our knowledge of corneal development and identifying new, more effective therapies.
The onset of corneal development is morphologically apparent when neural crest mesenchyme begins to migrate between the newly formed lens vesicle and the overlying surface ectoderm (Cvekl and Tamm, 2004) . The endothelium is the first differentiated corneal layer to differentiate, and it arises from mesenchymal cells that contact with the anterior lens epithelia. Subsequently, mesenchymal cells between the newly formed endothelium and the overlying ocular surface ectoderm become compact and adopt an ordered and lamellar arrangement to form DEVELOPMENTAL DYNAMICS *Correspondence to: Philip J. Gage, Department of Ophthalmology and Visual Science, University of Michigan Medical School, Ann Arbor, MI 48105. E-mail: philgage@umich.edu Grant sponsor: National Institutes of Health; Grant numbers: EY014126, EY007003.
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the corneal stroma. Blood vessels never appear in the developing cornea, indicating that angiogenic privilege is established early during corneal morphogenesis. Cell signaling from cells of the anterior lens vesicle and the distal rim of the optic cup acts directly upon the mesenchyme early in corneal development to induce expression of transcription factor genes that are broadly required for normal anterior segment development, including Foxc1 and Pitx2 (Matt et al., 2005; Molotkov et al., 2006) . Of these, only Foxc1 has been established as a gene that specifies cell fates and angiogenic privilege in the developing cornea (Kidson et al., 1999; Seo et al., 2012) . Concurrent with development of the endothelium and stroma, the overlying ocular surface ectoderm is specified as cornea and signaling from the underlying mesenchymal cells is for this process (Pearton et al., 2005) . The ocular surface ectoderm and underlying mesenchyme also give rise to the conjunctiva, which lies between the cornea and the posterior margin of the eyelid. The cellular components of the conjunctiva are highly distinct from those of the cornea, and the conjunctival mesenchyme is highly vascularized. The mechanisms underlying segregation of the multipotent ocular surface ectoderm and mesenchyme into corneal versus conjunctival fates during development are unknown.
Given its fundamental role in governing development of early anterior segment tissues (Evans and Gage, 2005a; Gage et al., 1999) , we hypothesize that Pitx2 is also required for specifying cell lineages and establishing angiogenic privilege within the developing cornea. Pitx2 encodes a paired-like homeodomain transcription factor that is important in both development and disease. Heterozygous mutations in human PITX2 are one genetic cause of Axenfeld-Rieger Syndrome (ARS), which features dysgenesis of anterior segment structures within the eye and a high risk for glaucoma (Semina et al., 1996) . ARS patients with PITX2 mutations, as well as Pitx2 heterozygous mice, exhibit decreased central corneal thickness (CCT), consistent with a potential role for PITX2 in corneal development (Asai-Coakwell et al., 2006) . Global or neural crest-specific ablation of Pitx2 results in the arrest of anterior segment development at a stage prior to the initiation of corneal development, thereby making these models unsuitable for assessing gene function in the latter process (Evans and Gage, 2005a; Gage et al., 1999) . To circumvent this blockade, we employed a temporal gene knockout approach in the current study. We demonstrate that PITX2 is required for specifying lineages and establishing angiogenic privilege in the developing cornea. In the absence of PITX2, the surface ectoderm and mesenchyme acquire gene expression patterns more consistent with conjunctival fates, Dkk2 expression is not maintained within the corneal mesenchyme, and canonical Wnt signaling activity becomes elevated within the developing cornea. Maintenance of normal canonical Wnt signaling through its downstream target Dkk2 appears to be an essential mechanism by which PITX2 controls normal specification of the corneal epithelium.
Results

Pitx2 Is Required for Normal Histogenesis and Establishing Angiogenic Privilege in the Developing Cornea
As shown previously, central corneal thickness is reduced in mice and humans harboring a 50% reduction in PITX2, suggesting a potential direct role in cornea development (Asai-Coakwell et al., 2006) . However, this result could also arise from an indirect effect such as elevated intraocular pressure leading to corneal thinning. Therefore, we analyzed protein expression in developing and mature corneas in the mouse to determine whether there was the potential for PITX2 to have a direct effect on corneal development. We found that PITX2 protein is uniformly expressed in the mesenchymal layer of the developing cornea, as well as in the stroma and endothelium layers in the mature cornea, consistent with a potential role for PITX2 in regulating corneal development (Fig. 1) .
Anterior segment development is arrested in global and neural crest-specific Pitx2 knockout mice prior to initiation of corneal development (Evans and Gage, 2005b; Gage et al., 1999) . Therefore, we employed a temporal knockout strategy that allowed us to rescue the initial arrest in anterior segment development but still ablate Pitx2 at the beginning of corneal development (Zacharias et al., 2011) . Briefly, we crossed mice carrying our conditional Pitx2 flox allele together with mice carrying the UBCCreER t2 transgene, which ubiquitously expresses a Cre fusion protein that is inactive in the absence of tamoxifen (Gruber et al., 2007; Ruzankina et al., 2007) . Timed pregnant females carrying prospective mutants (UBC-CreER t2 :Pitx2 flox/null ) and controls (Pitx2 flox/null ) were injected with tamoxifen at e10.5 to activate the CreER T2 fusion protein and ablate Pitx2 in the prospective mutant (Pitx2-tko) mice at the beginning of corneal morphogenesis. The Pitx2 gene was deleted and PITX2 protein is degraded in Pitx2-tko embryos within 24 hr, making this system highly DEVELOPMENTAL DYNAMICS Fig. 1 . PITX2 expression in developing and mature corneas. PITX2 immunostaining on e14.5 (A) and 6-week old (B) cornea. e, corneal endothelium; m, corneal mesenchyme; s, corneal stroma. efficient (Fig. 2B ). PITX2-positive cells do not reemerge in older embryos ( Fig. 2C-H) .
We first used a histological approach to investigate the consequences of ablating Pitx2 (Fig. 3) . Mesenchymal cells in control littermates begin to populate the space between the developing lens and overlying surface ectoderm by e11.5, and their number is markedly increased by e12.5 (Fig. 3A,B) . By e14.5, a monolayer of endothelium is present on the inner surface of the mesenchymal layer and an obvious anterior chamber has formed (Fig. 3C ). Beginning at e14.5 and continuing through e16.5, cells within the emerging stroma cells adopt an increasingly organized and laminar appearance within the mesenchyme located between the endothelium and the overlying surface ectoderm. By e16.5, all three layers of the cornea are well delineated (Fig. 3D) . By e11.5, corneas in Pitx2-tko are indistinguishable from controls. However, by e12.5 the mesenchymal component in mutant embryos is thickened relative to corneas of control littermates (Fig. 3E,F) . At 14.5, the endothelium is absent from Pitx2-tko corneas, and the putative stromal cell layer is significantly thicker and less well organized than in controls. In addition, multiple abnormal histological layers are often visible within the putative stroma (Fig.  3G ). The disorganization of the corneal tissues persists through e16.5 and the lack of an anterior chamber confirms the absence of a functional endothelium ( Fig. 3H and data not shown). The ectodermal layer of Pitx2-tko corneas is modestly thickened relative to control corneas. Collectively, these data establish that PITX2 is required for correct morphogenesis within each of three layers of the developing cornea.
We also noted the presence of blood vessels in corneas of Pitx2-tko mice. To more readily visualize this, Pitx2-tko and control eyes were immunostained for presence of the blood vessel endothelial cell marker, CD31. As expected, the avascular control corneas are devoid of CD31 staining (Fig. 4A ). In contrast, by late gestation Pitx2-tko corneas are heavily invested with CD31 þ blood vessels by late gestation (Fig. 4C ). Because lymphangiogenesis frequently parallels angiogenesis, we also tested control and Pitx2-tko eyes for the presence of lymphatic vessels. By late in gestation, LYVE1
þ lymphatic vessels are absent from control corneas but readily detectable in Pitx2-tko corneas by late in gestation (Fig. 4B,D) . These data confirm that PITX2 function is required to establish angiogenic privilege.
Gene Expression in Pitx2-tko Corneal Mesenchyme Resembles That of Conjunctival Mesenchyme
We next characterized whether the morphological changes observed in mutant corneas during the first several days following Pitx2 ablation were accompanied by alterations in the spatial or temporal patterns of gene expression. We observed that in control embryos at e12.5, immunostaining to detect the forkhead transcription factor FOXC2 distinguishes the corneal mesenchyme, where it is not expressed, and the periocular mesenchyme of the future conjunctiva and posterior of the optic cup, where it is expressed (Fig. 5A ). In contrast to control embryos, in Pitx2-tko littermates, FOXC2 is uniformly high throughout the periocular mesenchyme, including the presumptive corneal mesenchyme (Fig. 5E ). Similarly, we immunostained sections for the homeodomain transcription factor PITX1. In control mice at e13.5, PITX1 is highly expressed in the conjunctival mesenchyme but only minimally in the corneal mesenchyme of control mice at e13.5 (Fig. 5B) . In Pitx2-tko mice, PITX1 expression is uniformly high in both the conjunctival and corneal mesenchyme (Fig. 5F ). In situ hybridization was then used to detect expression of the gene for the bHLH transcription factor Twist1. In control embryos at e14.5, Twist1 is expressed in the corneal mesenchyme but not in the conjunctival mesenchyme (Fig. 5C , Thut et al., 2001) . In Pitx2-tko siblings, Twist1 expression is not detectable in either the corneal or conjunctival mesenchyme (Fig. 5G) . Finally, in situ hybridization was used to examine the expression of Keratocan, which has been identified as a gene whose expression pattern is specific to cells in the corneal stroma during late development and continuing in adults (Liu et al., 1998) . Here, however, we found a more complex expression pattern. In control embryos at e14.5, high levels of Keratocan are expressed in the developing corneal mesenchyme, whereas Keratocan was also expressed at lower levels in the conjunctival mesenchyme (Fig. 5D) . In Pitx2-tko littermates, the expression level in the corneal mesenchyme was consistently lower than in control corneas and the pattern was more diffuse (Fig. 5H) . In this regard, the level and pattern more closely resembled that of the conjunctival mesenchyme in controls. To assess whether differentiation of the corneal mesenchyme was simply delayed, we assessed Keratocan expression in older embryos. However, we observed the same complex expression pattern as in younger eyes with Keratocan expression present in the mesenchyme of the cornea and conjunctiva (Fig. 6 ). As DEVELOPMENTAL DYNAMICS Fig. 2 . Tamoxifen-induced ablation of PITX2 is highly efficient. Immunohistochemistry was used on representative control and Pitx2-tko mutant eyes to detect PITX2 expression at the indicated ages. All timed pregnant females were injected with tamoxifen at e10.5 to ablate the Pitx2 gene in prospective mutants. Only rare PITX2þ cells were present in mutant mice.
in the younger embryos, the expression pattern in the mesenchyme of mutant corneas more closely resembled that found in the conjunctival mesenchyme. Together, these data show that following ablation of Pitx2, gene expression in the presumptive corneal mesenchyme is altered at the developmental time point (e12.5) that coincides with the first morphological evidence of altered corneal development, and the protein and gene expression patterns in the corneal mesenchyme of Pitx2-tko mutants resemble that of the conjunctival mesenchyme.
Gene Expression in Pitx2-tko Corneal Ectoderm Resembles That of Conjunctival Ectoderm
Signaling from the underlying mesenchyme dictates the fate of the overlying surface ectoderm, including in the cornea (Pearton et al., 2005) . Therefore, based on the apparent fate switch in the underlying mesenchyme from a corneal to a conjunctival character, we examined markers whose expression patterns differentiate between corneal and conjunctival ectoderm. However, at e13.5, we found that in control embryos the transcription factors FOXC2 and BARX2 are specifically expressed in the conjunctival ectoderm but not in corneal ectoderm of control embryos (Fig.  7A,B) . In Pitx2-tko littermates, FOXC2 and BARX2 are both expressed throughout both the conjunctival and corneal ectoderm, which is consistent with at least a partial fate switch at this timepoint (Fig. 7E,F) . Further evidence for a fate switch within the ectoderm was revealed by assessing the expression of the intermediate filament proteins cytokeratin 4 (cK4), a specific marker of conjunctival ectoderm, and cytokeratin 12 (cK12), a specific marker of corneal ectoderm at e16.5 (Fig. 7C,D) . In Pitx2-tko eyes, expression of the cK4 expands to include cells within both the conjunctival and corneal ectoderm (Fig. 7G) , while expression of the corneal marker cK12 is absent (Fig. 7H) . Therefore, the results of examining multiple markers expressed in each embryonic tissue support the conclusion that following the loss of Pitx2, corneal cell lineages are not specified correctly and that both the mesenchyme and the ectoderm partially adopt conjunctival fates.
PITX2 Is Required to Maintain Expression of Dkk2 in Ocular Neural Crest
We have previously demonstrated that in neural crest during early anterior segment morphogenesis, PITX2 is required for activation of Dkk2, which encodes an extracellular antagonist of canonical Wnt signaling (Gage et al., 2008) . Dkk2 expression is activated in Pitx2-tko embryos prior to tamoxifen injection due to the initial presence of PITX2 protein in these embryos (data not shown). Since the previous experiments did not determine whether PITX2 is also required for maintenance of Dkk2 expression, we examined Dkk2 expression in Pitx-tko eyes following tamoxifen injection. We found that in mutant eyes, Dkk2 mRNA DEVELOPMENTAL DYNAMICS Fig. 3 . Altered corneal morphogenesis in Pitx2-tko eyes following ablation of Pitx2 by injection of tamoxifen at e10.5. H&E-stained coronal sections of control and mutant anterior segments at e11.5 (A,E), e12.5 (B,F), e14.5 (C,G), and e16.5 (D,H). Note that in the corneas of Pitx2-tko mutants, there is an overabundance of mesenchyme beginning at 12.5, the endothelium and stroma layers do not form, the surface ectoderm is modestly thickened, and the anterior chamber is absent. Ec, corneal ectoderm; M, corneal mesenchyme; L, lens; AC, anterior chamber; En, corneal endothelium. Fig. 4 . PITX2 is required to establish angiogenic privilege in the developing cornea. Late gestation control and Pitx2-tko mutant corneas immunostained to detect the presence of CD31 (A,C) and LYVE1 (B,D) markers of the endothelium of blood vessels and lymphatic vessels, respectively. C, corneal stroma; L, lens.
is undetectable by e14.5 (Fig. 8C) . As a consequence, canonical Wnt signaling activity levels as measured by Axin2 expression become elevated in Pitx2-tko eyes (Fig. 8D) . Collectively, we conclude that functional PITX2 is required to both activate and maintain Dkk2 expression. The absence of DKK2 results in elevated canonical Wnt signaling activity levels, providing a potential DEVELOPMENTAL DYNAMICS Fig. 5 . Gene expression in the corneal mesenchyme is altered following ablation of Pitx2. Immunohistochemistry was used on control and Pitx2-tko mutant corneas to detect expression of the FOXC2 (A,E) and PITX1 (B,F) transcription factors at e12.5 and e13.5, respectively. FOXC2 and PITX1 protein expression expands from the conjunctiva into the cornea in mutant eyes. In situ hybridization was used to detect expression of the Twist1 (C,G) and Keratocan (D,H) mRNA at e14.5. Twist1 mRNA is expressed in the mesenchyme of control but not Pitx2-tko mutant corneas. Expression of Keratocan in mesenchyme of Pitx2tko corneas is reduced and more diffuse when compared to expression in mesenchyme of control corneas. CO, corneal mesenchyme; L, lens; Cn, conjunctival mesenchyme; EL, eyelid mesenchyme. mechanism contributing to the observed morphological and gene expression changes in the developing corneas of Pitx2-tko eyes.
Loss of Dkk2 Expression Accounts for a Subset of Corneal Phenotypes in PItx2-tko Mice
We examined developing corneas of Dkk2-null mice and found they exhibit morphological changes that are similar to those present in Pitx-tko mutant corneas, including disruption of normal organization within the stromal and endothelium layers of the mesenchyme, and modest thickening of the overlying ectoderm (Fig. 9A,E) (Gage et al., 2008 ). An important difference between
Pitx2-tko and Dkk2
-/-mice, however, is the degree of corneal angiogenesis. While ectopic CD31þ blood vessels are present in the peripheral cornea of Dkk2-null eyes, in a position overlying the ciliary body and where blood vessels are not found in wild type controls (Fig. 9C,F) , unlike what is observed in Pitx2-tko eyes, these blood vessels do not extend into the central cornea (Fig. 9B,F) . Further, in the Dkk2 -/-eyes, there is no evidence of LYVE1þ lymphatic vessels in the cornea (Fig. 9D,H) . Collectively, these results suggest that corneal morphogenesis is disrupted but the loss of angiogenic privilege in Pitx2-tko eyes is only partly caused by decreased Dkk2 expression.
Next, we examined the corneal and conjunctival markers that were altered in Pitx2-tko mice to determine whether they were sensitive to loss of DKK2 and the associated changes in canonical Wnt signaling activity levels. We began with the markers whose expression patterns distinguish between differentiating cornea and conjunctival mesenchyme. Interestingly, the expression patterns of FOXC2, PITX1, Twist, and Keratocan were unaltered in Dkk2 mutant eyes relative to wild type controls (Fig. 10) . From these results, we infer that loss of DKK2 and the associated increase in canonical Wnt signaling activity is unlikely to account for the changes in expression of these genes present in PItx2-tko eyes. We also examined the early conjunctival ectoderm markers, FOXC2 and BARX2, in control and mutant embryos at e14.5 (Fig. 11A,B) . In contrast to Pitx2-tko embryos, neither protein is expressed in the corneal ectoderm of Dkk2 -/-embryos at this same stage (Fig.  11E,F) . Despite the lack of an effect on the early ectodermal markers in the Dkk2 -/-embryos, at later timepoints, expression of the corneal marker keratin 12 is lost while expression of the conjunctival marker keratin 4 is activated in the anatomical corneal ectoderm of Dkk2 -/-embryos. Collectively, these data suggest that loss of DKK2 expression in the mesenchyme biases cells within the overlying central ocular surface ectoderm toward conjunctival rather than corneal fates. However, the expanded expression of FOXC2 and BARX2 observed in Pitx2-tko embryos is unlikely to contribute this fate switch since expression of these transcription factors is unchanged in Dkk2 mice. Fig. 7 . Gene expression in the corneal ectoderm is altered following ablation of Pitx2. Control and Pitx2-tko eyes were immunostained to detect the expression of FOXC2 at e13.5 (A,E), BARX2 at e13.5 (B,F), and keratin 4 (C,G) and keratin 12 (D,H) at e16.5. FOXC2, BARX2, and keratocan 4 are limited to the conjunctival ectoderm in control eyes but also expressed in the corneal ectoderm in Pitx2tko mutant eyes. Keratocan 12 is expressed in the corneal ectoderm of control eyes but is absent from Pitx2-tko mutant eyes. Note: The FOXC2 signal in the lens is background artifact due to the inherent stickiness of crystalline proteins. Co, corneal ectoderm; Cn, conjunctival ectoderm; L, lens. Fig. 8 . Expression of canonical Wnt pathway genes is altered during corneal development in Pitx2-tko mice. In situ hybridization was used to detect expression of the Dkk2 (A,C) and Axin2 (B,D) mRNA at e14.5. Dkk2 expression is not maintained in the corneal mesenchyme while Axin2 expression is elevated in both the corneal surface ectoderm and underlying mesenchyme of Pitx2-tko eyes. E, corneal ectoderm; M, corneal mesenchyme.
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Discussion
We have used a temporal knockout approach to reveal a requirement for the homeodomain transcription factor PITX2 in multiple steps of corneal development. In the absence of PITX2, corneal morphogenesis and the specification of cell fates within both the surface ectoderm and mesenchymal primordia are disrupted. PITX2 is also required to establish angiogenic privilege in the developing cornea. Control of canonical Wnt signaling activity levels as a result activation of the downstream target Dkk2 in the underlying mesenchyme appears to be a key mechanism by which PITX2 governs the correct specification of central ocular surface ectoderm to a corneal epithelial fate. In contrast, the correct specification of the underlying mesenchymal cells to corneal fates and establishing angiogenic privilege appear to be less sensitive to loss of DKK2 activity. We identify several transcription factors whose patterns in Pitx2 and Dkk2 mutants suggest that they may be involved in cell fate specification and establishing angiogenic privilege within the presumptive corneal mesenchyme but are unlikely to play a role in cell fate specification within the corneal ectoderm.
Normal Corneal Development Requires a Set of Transcription Factors in the Neural Crest Mesenchyme
The current work extends our understanding of the transcriptional code that is required for normal corneal development. LMX1b encodes a homeodomain transcription factor that is expressed in the ocular neural crest beginning early in eye development and is associated with Nail-Patella Syndrome (Mcintosh Fig. 9 . Altered morphogenesis and relaxed angiogenic privilege in Dkk2 mutant mice. Control and Dkk2 mutant sections taken from e16.5 embryos stained with H&E (A,E). Comparable sections were immunostained to detect CD31 (B,F) or LYVE1 (D,H). CD31þ blood vessels were ectopically located in the peripheral cornea adjacent to the ciliary body but did not extend towards the central cornea. C, G: Magnified images of the boxed areas in B and F, respectively. C, cornea; CB, ciliary body; L, lens. Fig. 10 . Analysis of mesenchymal marker expression in control and Dkk2 mutant eyes. Immunohistochemistry was used on control and Dkk2 mutant eyes at e12.5 to detect FOXC2 and PITX1 protein. In situ hybridization was used on embryos of the same genotypes at e14.5 to detect expression of Twist1 and Keratocan mRNA. All markers were unchanged in Dkk2 mutant eyes relative to controls. Note: The FOXC2 signal in the lens is background artifact due to the inherent stickiness of crystalline proteins. Co, corneal mesenchyme; Cn, conjunctival mesenchyme; EL, eyelid; L, lens. Pressman et al., 2000; Vollrath et al., 1998) . Although human patients are not known to exhibit corneal defects, Lmx1b knockout mice have defects in development of the corneal stroma (Pressman et al., 2000) . Heterozygous mutations in FOXC1, encoding a forkhead transcription factor, are a second cause of Axenfeld-Rieger Syndrome (Lehmann et al., 2000) . Like Pitx2, expression of Foxc1 in ocular neural crest mesenchyme depends on retinoic acid signaling. Development of the corneal stroma and endothelium is impaired in Foxc1 knockout mice (Kidson et al., 1999) . In addition, Foxc1 is required both to establish and maintain angiogenic privilege within the cornea (Seo et al., 2012) .
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A striking feature of these three transcription factors is that none are specifically limited to the corneal mesenchyme during eye development. Indeed, all three are also co-expressed within neural crest fated to form additional tissues such as the conjunctival mesenchyme, the schlera, and structures within the iridocorneal angle. Therefore, although each is required, the ability to specify corneal fates is not uniquely encoded by any one of these three factors or in combination. This raises the possibility that they cooperate together with one or more additional transcription factors that are themselves specific to the corneal mesenchyme. Alternatively, there may be other transcription factors whose expression patterns encompass more than the cornea but the corneal mesenchyme is the unique site where they are expressed together with FOXC1, LMX1B, and PITX2.
Surface Ectoderm Is More Sensitive to Increases in Canonical Wnt Signaling Activity Levels
Our data provide new insights in the relative sensitivities of the surface ectoderm and underlying mesenchyme within the presumptive cornea to Dkk2 expression and the resulting suppression of canonical Wnt signaling activity levels. Ablation of Dkk2 is sufficient to cause an apparent switch from a corneal fate to a conjunctival fate within the surface ectoderm, as evidenced by the absence of the mature corneal marker, keratin 12, and the presence of the mature conjunctival marker, keratin 4. In contrast, none of the mesenchymal markers examined were altered in presumptive corneas of Dkk2 mutant mice and angiogenic privilege was only partially affected as compared to Pitx2 mutant corneas.
The difference in sensitivities to changes in canonical Wnt signaling activity levels between the surface ectoderm and mesenchyme within the presumptive cornea mirrors the expression patterns of both Wnt ligands and receptors. A minimum of four genes encoding Frizzled receptor proteins are expressed within the surface ectoderm of the developing cornea, meaning that this layer is likely to be highly competent to respond to available Wnt ligands (Liu et al., 2003) . In contrast, only Frizzled 7 appears to be expressed within the underlying mesenchyme during corneal development, suggesting that these cells may be less responsive to Wnt ligand (Liu et al., 2003) . The surface ectoderm is also the major source of available Wnt ligand within the region (Liu et al., 2003) . In contrast, the underlying neural crest mesenchyme is the source of DKK2 (Gage et al., 2008) . Collectively, these observations indicate that, during normal corneal development, paracrine inhibition by DKK2 produced within the neural crest is required to suppress the autocrine effect of Wnt ligand on the surface ectoderm.
The mechanism(s) underlying the broader phenotype in the absence of PITX2 relative to DKK2 are currently unclear and will require more investigation. Recently, we have developed preliminary data suggesting that Dkk1 expression is also dramatically reduced in the absence of PITX2 (Chen et al., preliminary results) . This suggests the possibility that canonical Wnt signaling activity levels are more elevated in the Pitx2 mutants since the response would be the sum of losing both DKK1 and DKK2. If true, the higher activity levels may be sufficient to change fate choices by the mesenchyme and alter establishment of angiogenic privilege in a way that the presumably lesser activity levels of Dkk2 mutant corneas do not. An additional possibility that is not mutually exclusive is that fate determination within the mesenchyme and establishing angiogenic privilege may be dependent on input from other signaling pathways such as Nodal, FGF, TGFb, and BMP, all of which are active within the developing DEVELOPMENTAL DYNAMICS Fig. 11 . Analysis of surface ectoderm marker expression in control and Dkk2 mutant eyes. Immunohistochemistry was used on control and Dkk2 mutant eyes to detect FOXC2 and BARX2 at e14.5, and cK12 and cK4 at e18.5. FOXC2 and PITX2 expression was unchanged in mutant eyes while cK12 and cK4 phenocopied the expression changes identified in Pitx2-tko eyes. Small box in H indicates area enlarged within large boxed insert. Ce, corneal ectoderm; Cn, conjunctiva ectoderm; Co, corneal ectoderm; L, lens.
anterior segment (Govindarajan et al., 2000; Saika et al., 2001; Zhao et al., 2002) .
Early Transcription Factor Markers Could Play Role in Specification of Corneal Mesenchyme or Establishing Angiogenic Privilege
We have identified several markers whose expression patterns within surface ectoderm and mesenchyme distinguish between corneal and conjunctival fates early during the partitioning of these two tissues. These markers represent important new tools for analysis of fates, particularly at early stages of the process when these patterns proteins are differentially expressed. As each of these genes encodes a transcription factor, it raises the question whether their regionalized expression patterns may be functionally important for partitioning the surface ectoderm or mesenchyme into corneal versus conjunctival fates. For example, is exclusion of the normally conjunctival-specific expression of FOXC2, PITX1, and BARX2 required for normal development of the corneal ectoderm and mesenchyme, and for establishing angiogenic privilege? The expansion of FOXC2 expression into the cornea is particularly interesting with respect to establishing angiogenic privilege since this transcription factor is well known to promote angiogenesis under other normal and pathological conditions, including cancer. Interestingly, alterations in functional levels of the highly related family member, FOXC1 have recently been shown to promote loss of angiogenic privilege in the cornea (Seo et al., 2012) .
Pitx2 Function in Later Developing Tissues and Mature Structures
Schlemm's canal and the trabecular meshwork within the iridocorneal angle begin to differentiate towards the end of corneal development and congenital defects in Pitx2-attributable Axenfeld-Rieger patients suggest the likelihood that PITX2 is required for development of these structures, in addition to the cornea. Pitx2 is highly expressed within these structures during eye development, lending support for functional significance (data not shown). Long-term expression within the mature corneal stroma and endothelium, Schlemm's canal, and trabecular meshwork also raises the possibility that PITX2 may play essential roles in maintenance of cell fate and renewal within these structures. Application of the temporal knockout strategy employed here at later stages of eye development and in mature animals will now allow these important questions that were not previously experimentally accessible to be addressed.
Experimental Procedures
Mouse Strains and Animal Husbandry
All experiments were conducted in accordance with the NIH Guidelines for the Care and Use of Experimental Animals and all procedures involving mice were approved by the University of Michigan Committee on Use and Care of Animals. Generation of the Pitx2 nullþ , Pitx2 flox , UBC-CreER T2 , and Dkk2 null mouse strains has been described previously (Gage et al., 1999; Gruber et al., 2007; Li et al., 2005; Ruzankina et al., 2007 . If indicated, a single intraperitoneal injection of tamoxifen (Sigma, St. Louis, MO) suspended in corn oil at a dose of 100 mg per gram body weight was administered to the pregnant dam at noon on the day noted. The resulting embryos were genotyped for Cre or Pitx2 using PCR-based methods (Evans and Gage, 2005a; Suh et al., 2002) , and processed for histology as previously described (Evans and Gage, 2005a) .
Embryo Processing and Histology
All embryos were fixed in 4% paraformaldehyde diluted in PBS, washed in PBS, dehydrated though graded alcohols, and processed into Paraplast Plus (McCormick Scientific; St. Louis, MO) for paraffin sectioning. Mounted paraffin sections for morphological analysis were dewaxed, rehydrated, and stained with hematoxylin and eosin.
Immunostaining and RNA In Situ Hybridization
Paraffin sections were immunostained as previously described (Evans and Gage, 2005a) . Primary antibodies against PITX2 (gift from T. Hjalt, Lund University), CD31 (BD Pharmingen, Franklin Lakes, NJ), LYVE-1 (Abcam, Cambridge, MA), FOXC2 (Abcam), PITX1 (gift from Jacques Drouin, International Cancer Research Center of Montreal), BARX2 (Santa Cruz Biotechnology, Santa Cruz, CA), keratin 4 (Abcam), and keratin 12 (gift from Winston Kao, University of Cincinnati) were used. Digoxigenin-labeled riboprobes against Pitx2, Dkk2 (gift from Gary Hammer, University of Michigan), Axin2 (gift from Sally Camper, University of Michigan), Twist1, and Keratocan (gift from Winston Kao, University of Cincinnati) were generated and used to stain paraffin sections as previously described (Cushman et al., 2001; Martin et al., 2002) .
